All relevant data are within the paper and in the Supporting Information files.

Introduction {#sec001}
============

Numerical magnitude representation is thought to provide a foundation for higher-level mathematical skills such as calculation. However, the nature of the numerical magnitude underlying this development is a matter of debate which can be summarized into two views ([Fig 1](#pone.0166685.g001){ref-type="fig"}, see also \[[@pone.0166685.ref001]\]).

![Schematic illustration of the numerical development views.\
In the unique-representation view, the ANS is the basis of mathematics and is activated by both symbolic and non-symbolic numbers. In the dual-representation view, non-symbolic numbers activate the ANS and symbolic numbers activate an exact representation of numbers; the latter is the root of mathematical learning and can refine the ANS.](pone.0166685.g001){#pone.0166685.g001}

The unique-representation view considers the Approximate Number System (ANS) to be the root of numerical and arithmetical skills (see \[[@pone.0166685.ref002]--[@pone.0166685.ref003]\] for a review). This number sense, which is already present in infants (e.g. \[[@pone.0166685.ref004], [@pone.0166685.ref005]--[@pone.0166685.ref007]\]) and shared with non-human animals \[[@pone.0166685.ref008], [@pone.0166685.ref009]\], corresponds to the capacity to nonverbally represent number magnitude by producing imprecise, noisy number magnitude representations \[[@pone.0166685.ref010]--[@pone.0166685.ref012]\]. The ANS is gradually refined during infancy and school-age years \[[@pone.0166685.ref013]\] and its precision can be measured in a simple task in which one has to judge which of two arrays of items is more numerous. Performance in this type of task depends on the ratio between the numerosities to discriminate, e.g., it is easier to discriminate 7 from 14 or 8 from 4 (ratio 1:2) than 7 from 8 or 16 from 14 (ratio 7:8). It has been shown that six-month-old infants are able to discriminate between two sets of items differing by a ratio of 1:2 \[[@pone.0166685.ref014]\] and this threshold ratio increases with age to reach approximately 10:11 at adulthood \[[@pone.0166685.ref015], [@pone.0166685.ref016]\]. According to this view, both symbolic and non-symbolic magnitude comparisons show ratio effects \[[@pone.0166685.ref011], [@pone.0166685.ref017], [@pone.0166685.ref018]\] and similar brain areas would be activated for both types of stimuli (\[[@pone.0166685.ref019]--[@pone.0166685.ref021]\], see \[[@pone.0166685.ref002], [@pone.0166685.ref017]\] for a review). These studies suggest that symbolic and non-symbolic magnitude processing activate one approximate magnitude representation system, the ANS \[[@pone.0166685.ref022]\]. Finally, the unique-representation view postulates that the ANS underlies math learning \[[@pone.0166685.ref013], [@pone.0166685.ref023]\] as ANS acuity has been shown to correlate with individual differences in mathematics competences \[[@pone.0166685.ref015], [@pone.0166685.ref024]\] and to be lower in people presenting specific math learning disability or dyscalculia \[[@pone.0166685.ref025]--[@pone.0166685.ref027]\].

In contrast, the dual-representation view considers that symbolic and non-symbolic numbers activate distinct and non-overlapping representations (see \[[@pone.0166685.ref001]\]). Indeed, symbolic and non-symbolic magnitude processing skills have distinct developmental trajectories \[[@pone.0166685.ref028]\]; symbolic and non-symbolic distance effects do not correlate \[[@pone.0166685.ref029]--[@pone.0166685.ref033]\] and different processes generate symbolic and non-symbolic ratio effects \[[@pone.0166685.ref034]\]. In addition, recent brain imaging studies using more precise techniques failed to find overlapping representations between dots and digits \[[@pone.0166685.ref035]\]. According to this view, dot sets activate an analogue and approximate representation such as the ANS \[[@pone.0166685.ref022]\]. However, recent studies question the extent to which this representation would really code for number magnitude \[[@pone.0166685.ref036]\]. Indeed, as it is impossible to perfectly control for non-numerical parameters \[[@pone.0166685.ref037]\], the tasks tapping the ANS also measure the ability to process other physical parameters covarying with numerosity and inhibitory control \[[@pone.0166685.ref038]\]. As regards symbolic numbers, they provide access to a more precise number representation (e.g. \[[@pone.0166685.ref039], [@pone.0166685.ref040]\]). Indeed, symbolic numbers would not acquire their meaning through a mapping with the ANS but through the development of a new representation. According to Carey's developmental view \[[@pone.0166685.ref041]--[@pone.0166685.ref043]\], the understanding of exact natural numbers is built on a parallel individuation system allowing babies to keep track of the items in a small set. Then the child discovers the successor function through the analogy between the order of the number words in the counting list and the quantities in a series of sets related by additional elements. Furthermore, it has been proposed that symbolic number representations are place-coded, i.e. an Arabic number activates its corresponding representation with a maximal strength but also activates surrounding number representations, with a gradually decreasing strength; whereas non-symbolic numerosities are summation-coded, i.e. a dot set activates its target quantity but also includes all numbers representations up to the target \[[@pone.0166685.ref044], [@pone.0166685.ref045]\]. According to this dual-representation view, mathematical learning relies on the ability to process symbolic numbers' magnitude. Indeed, the absence of words for numbers prevents access to simple exact arithmetic despite the presence of analogue estimation abilities \[[@pone.0166685.ref016], [@pone.0166685.ref046]\] and several studies have shown that mathematics achievement is related to performance in symbolic magnitude comparison, but not in non-symbolic magnitude comparison tasks (\[[@pone.0166685.ref047]\], see \[[@pone.0166685.ref048], [@pone.0166685.ref049], [@pone.0166685.ref050], [@pone.0166685.ref051]\] for a review\] and that dyscalculia emerges from a deficit in the magnitude representation of symbolic numbers \[[@pone.0166685.ref001], [@pone.0166685.ref052]\] rather than from a deficit of the ANS. But this dual-representation view does not reject the role of the ANS. For instance, Le Corre and Carey \[[@pone.0166685.ref053]\] assume that, although the ANS has a quite limited role in the acquisition process of the counting list, once children have built the exact representation of symbolic numbers, they come to establish connections between these new representations and the ANS. Similarly, Piazza, Pica, Izard, Spelke and Dehaene \[[@pone.0166685.ref054]\] demonstrated, in Mundurucù participants (an Amazonian ethnic group whose language lacks number words beyond 5), that the learning of symbolic numbers and basic arithmetic enhances the acuity of the ANS.

In this study, we wanted to address the question of which number magnitude representation underlies math learning by using a training design. More specifically, we tested whether training the number magnitude representation of non-symbolic or symbolic numbers has an impact on numerical development and on arithmetic in particular. A number of previous studies have already measured the effect of numerical training on numerical development and arithmetic. Numerous authors have demonstrated the efficiency of training games involving magnitude comparison tasks \[[@pone.0166685.ref055]--[@pone.0166685.ref062]\] or number lines \[[@pone.0166685.ref062]--[@pone.0166685.ref066]\] and have observed training-related improvement. Although these studies show that it is possible to enhance number magnitude processing, they did not distinguish between training symbolic and non-symbolic number magnitude processing. Furthermore, the few studies which have shown an impact of training on calculation actually included addition or subtraction exercises in the training program itself \[[@pone.0166685.ref057], [@pone.0166685.ref058], [@pone.0166685.ref063], [@pone.0166685.ref065]--[@pone.0166685.ref067]\]. It is therefore still unknown whether training number magnitude processing alone has an impact on arithmetical competences.

The present study aimed to contrast the predictions based on the unique ANS representation view and the dual symbolic / non-symbolic representations view by comparing the effects of two very similar versions of numerical games, one using symbolic quantities and one using non-symbolic quantities, and comparing the impact of both on numerical and arithmetical competences. Accordingly, we will measure the processing of symbolic and non-symbolic number magnitude and arithmetic before and after training (pre- and post-testing).

According to the unique representation view, both training conditions should yield similar improvement in number magnitude processing tasks, as both symbolic and non-symbolic magnitude processing involve the ANS. To the contrary, the dual-representation view predicts a differential impact of non-symbolic and symbolic training; the former yielding enhancement in non-symbolic processing only and the latter mainly in symbolic processing. However, as working with symbolic numbers has been shown to increase the acuity of the ANS \[[@pone.0166685.ref054]\], an impact of the symbolic condition on the ANS acuity could also be expected. Finally, and more importantly, we tested whether these types of training, which only involved number magnitude processing, have any significant impact on calculation and examined which type of training has the largest impact on arithmetic. On the one hand, the unique ANS representation view would be expected to provide a similar increase in performance in the two training conditions, as both are assumed to train the ANS, which is supposed to support math learning. On the other hand, according to the dual-representation view, a superior effect of the symbolic condition should be observed because it is the ability to exactly represent numbers, through the learning of the meaning of symbolic numbers, which is associated with mathematics.

Method {#sec002}
======

Participants {#sec003}
------------

The participants were 56 preschool children (91% of contacted children), 27 girls and 29 boys, (mean age = 5 years 9 months, sd = 3.79 months); all but one (Asian) were Caucasian. They were all in their last (third) year of preschool and had not yet received formal mathematics instruction. They had just been introduced at school to counting games and activities involving the recognition and manipulation of numbers from 0 to 9 (e.g. modelling the shapes of the digits with clay). They were recruited from two middle/high social class schools in Walloon Brabant (the French-speaking part of Belgium) and all parents gave their written informed consent. All the children were French-native speakers, apart from one who spoke Portuguese at home, and all were fluent in French. Two others were bilingual (French/English and French/Chinese). The study was approved by the ethics committee of the Psychological Sciences Research Institute.

Procedure {#sec004}
---------

The study took place at school during school hours for a period of ten weeks. Within each school, participants were randomly divided into three groups: the non-symbolic group (19 children) received the non-symbolic version of numerical training; the symbolic group (19 children) received the symbolic version; and a control group (18 children) received a story-understanding stimulation.

Children were pre-tested during the first two weeks, completed their training program during the next six weeks and were post-tested during the last two weeks. The training program consisted of ten 30-minute sessions implemented in groups of 3 children (groups of 5 children for the control group).

All computerized tasks were created with the E-Prime experimental software (Version 2.0, Psychology Software Tools, Inc., Pittsburgh) and were carried out on a tablet PC with a touch screen.

Pre- and post-testing {#sec005}
---------------------

Six tasks were developed: three of them were used to assess the processing of symbolic numbers (Arabic-digit and spoken-word comparison and number line with Arabic numbers), two others evaluated non-symbolic magnitude processing (dot collection comparison and number line with dot sets); and the last one was an exact calculation task.

The pre- and post-measurement tasks were presented in the following order to balance difficulty and maintain motivation: Arabic number comparison---exact additions---non-symbolic number line---collection comparison---verbal number comparison---symbolic number line.

All the tasks, apart from the number-line tasks, were computerized with participants giving their answer by touching the screen with their finger on the side of the correct response. As there is so much variability among reaction times with young children (they stop in the middle of the task, talk when they should answer as fast as possible, look through the window,...) and because a technical problem occurred (the touch screen was not sensitive enough, requiring the participant or the experimenter to touch it several times before it recorded the answer), reaction times were considered as not representative and therefore only accuracy was analyzed.

**1. Collection comparison (non-symbolic):** We adapted Rouselle, Dembour and Noël \[[@pone.0166685.ref068]\]'s task in which participants were asked to help Dora find the most puzzle pieces. Children were presented with two boxes containing pieces of puzzle (of various sizes) and asked to select the box containing the larger set of puzzle pieces. First a fixation cross appeared in each box; once the child was attentive, the experimenter pressed the space bar and the two collections were simultaneously displayed on both sides of the screen. To prevent children from counting, the collections disappeared after 2000 ms. Fixation crosses appeared again with a question mark until the child answered. To prevent children from relying on non-numerical parameters, perceptual variables were controlled (see \[[@pone.0166685.ref068]\] for details). First, the external perimeter was equated for all trials. Second, congruent and incongruent trials were built (half of each). In congruent trials, the larger collection in number also had the larger density and surface, whereas in incongruent trials, the larger collection in number had the smaller density and surface. Both collections of a pair had the same smallest and the same largest puzzle piece.

The number of puzzle pieces varied from 5 to 18, i.e. above the subitizing range (1--4) which represents the quantity of items that humans are able to make fast and errorless estimations and that does not rely on analog numerical representation, hence not related to the ANS (see \[[@pone.0166685.ref069]\] for a review). Six practice pairs of sets differing by a ratio of 1:3 familiarized children with the task. The test trials were pairs of sets differing by ratios of 1:2, 2:3, 3:4, 4:5. There were two pairs per ratio (7--14 and 8--16; 6--9 and 10--15; 6--8 and 12--16; 8--10 and 12--15) and each pair was presented four times, varying along order (ascending or descending) and condition (congruent or incongruent), resulting in 32 items. Items were presented in a fixed random order, respecting five criteria: maximum 3 consecutive same-answer items, maximum 3 consecutive same-condition items, maximum 2 consecutive same-ratio items, no consecutive items of identical pair and the two first pairs were 1:2-ratio items. The percentage of correct responses was calculated and used as the dependent variable. In addition, the effect of ratio was analyzed.

**2. Dot sets on a number line (non-symbolic):** Children were asked to place 18 dot collections (between 2 and 19), without counting them, on a horizontal non-graduated number line (24 cm) presented horizontally in the middle of a half A4 page and marked with one dot and twenty dots on the left and right extremities respectively. A blank line was presented for each item. To prevent the child from relying on non-numerical parameters in the non- symbolic version, the perimeter and size of the dots were manipulated with Matlab to create two conditions: for even numerosities, the external perimeter of the collection-to-position was congruent (positively correlated) and the surface occupied by dots was incongruent (negatively correlated) compared to the right-end collection; for odd numerosities, the perimeter of the collection-to-position was incongruent and the occupied surface was congruent compared to the right-end collection. Each collection contained the same smallest and largest dots.

To measure the child's precision, we calculated the Percent Absolute Error ($PAE = \left| {\frac{estimate - correct~response}{scale~of~estimates} \times 100} \right|$). This was used as the dependent variable. We also computed the linear and the logarithmic R^2^ of the best-fitting equation for each participant in order to examine the degree of linearity of estimates, but these measures correlated highly with the precision measure (*r*(56) = -.68, *p* \<.001 for lin R^2^ and *r*(56) = -.69, *p* \<.001 for log R^2^). Therefore, only the analyses of the precision measure are reported here. The effect of size (small numbers from 2 to 9 and large numbers from 10 to 19) was also examined.

**3. Arabic number comparison (symbolic):** Children were asked to help Sponge Bob by telling him which of two Arabic numbers (from 1 to 19; 20 was excluded because of its physical dissimilarity to other numbers), presented simultaneously on the screen, was the larger. The trial started with two boxes, one on the left and one on the right side of the screen, each containing a fixation cross. When the participant was attentive, the experimenter pressed the space bar to make the numbers appear in each box and the participant was asked to select the larger one by touching the corresponding box on the screen. The items were displayed until the child answered.

Stimuli varied along two numerical sizes, small (1--9) and large (10--19), and two numerical distances, close (1) and far (3), resulting in four conditions (far-small, close-small, far-large, close-large), each containing 6 different pairs, presented in two orders (ascending and descending) for a total of 48 items (6 pairs x 2 orders x 4 conditions). All the stimuli were presented in a fixed random order, according to four criteria: maximum 3 consecutive same-answer items, maximum 2 consecutive same-condition items, no consecutive items of identical pair. The two first items corresponded to far-small pairs. The percentage of correct responses was used as the dependent variable and the effects of size and distance were analyzed.

**4. Verbal number comparison (symbolic):** This task is similar to the Arabic number comparison task, except that numbers were presented orally and sequentially. The scenario was to help Scrat get lots of nuts by choosing the box containing the most. Two boxes, each containing a fixation cross, were first presented to the participant; when he/she was ready, the left box was highlighted while the first number was orally presented (500 ms) on two speakers set on the left and right of the child. After a pause (500 ms), the right box was highlighted with the oral presentation of the second number (500 ms) on both sides again; finally a question mark appeared in each box to invite the child to answer.

**5. Arabic digits on a number line (symbolic):** Children had to position all the Arabic numbers from 2 to 19 on a horizontal non-graduated number line marked with 1 and 20 (in Arabic format) on the left and right sides. The PAE was used as the dependent variable (the lin and log R^2^ were calculated and also highly correlated with PAE, *r*(56) = -.83, *p* \<.001 and *r*(56) = -.83, *p* \<.001,so they were not further considered in order to avoid redundant analyses).

For both the non-symbolic and symbolic versions, items were presented in a fixed random order, respecting two criteria: maximum 2 consecutive same-condition items and the first two items were small numerosities.

**6. Exact additions (symbolic and non-symbolic):** A mixed presentation using both symbolic and non-symbolic formats was chosen (see [Fig 2](#pone.0166685.g002){ref-type="fig"}). If only non-symbolic numerosities were used, participants would have simply counted the items and the performance would not have reflected the ability to solve additions but to count stimuli; and if only Arabic numbers were used, it would have advantaged the symbolic group.

![Exact addition task.](pone.0166685.g002){#pone.0166685.g002}

Participants were presented with a box containing Easter eggs on the left side of the screen and with an Arabic digit below the egg box. Children were told *"I have some eggs"* while the experimenter pointed at the egg box. Then he stated *"I find \[n\] more"*, while pointing at the Arabic number corresponding to the amount of added egg(s). On the right side of the screen, there were two boxes, containing either the correct answer or the correct answer +1/-1, presented both in Arabic digits and in sets of dots. Children had to answer the question *"How many Easter eggs do I have now*?*"* by touching the corresponding part of the screen. After 4 practice trials, children were presented 12 test trials. There were two difficulty levels (small (4--6) and large (7--9) sums) each containing 3 different additions presented in both orders (large operand on the top as a set or below as an Arabic digit), resulting in 6 items per difficulty level. The percentage of correct responses was used as the dependent variable and the effect of difficulty level was analyzed.

Training programs {#sec006}
-----------------

**1. Numerical training:** To increase the chance of boosting participants' numerical competences and to avoid boredom, we used two games in each training program. One game was based on number comparison and the other on number line positioning as these tasks have been used in previous programs aiming at enhancing numerical development and have been proven to be effective \[[@pone.0166685.ref055], [@pone.0166685.ref057]--[@pone.0166685.ref061], [@pone.0166685.ref063], [@pone.0166685.ref064], [@pone.0166685.ref066]\]. Therefore, each training condition consisted of two tasks: comparison of dot collections and positioning of dot sets on a number line in the non-symbolic condition; comparison of Arabic numbers and Arabic numbers positioning on a number line for the symbolic condition.

Both games included several levels of difficulty: children started with the easiest level and more difficult levels were presented when the child performed successfully (85% correct responses) at the current level. Feedback was provided after each response. The training programs were computerized and each child played alone on his own computer.

In the comparison game, children were presented with triplets of Arabic numbers/dot collections, displayed on three aligned bags, and with three aligned animals of increasing size (small, medium and big, ordered from left to right). They were asked to give the bag containing the smallest amount of sweets (or balls of wool, seeds, etc. according to the level, represented by the Arabic number/dot collection displayed on the bag) to the smallest bear (or cat, bird, etc. depending on the level) by touching the corresponding bag. Feedback was then given. Next, they had to give a bag to the tallest bear by selecting the one containing the most sweets among the two remaining bags ([Fig 3](#pone.0166685.g003){ref-type="fig"}). Again, feedback was provided. For feedback, the character of the current level appeared either on a green screen saying *"Bravo*!*"* or on a red screen and said *"This is not right*, *try again*!*"*. The child was then allowed to try again until he/she succeeded. If he/she did not respond within the allowed time, the character also appeared on a red screen and said *"You have not given your answer*, *try again*!*"*.

![Comparison game.\
Illustration of the symbolic (a) and the non-symbolic (b) versions.](pone.0166685.g003){#pone.0166685.g003}

In the symbolic version, stimuli varied along two numerical sizes, small (1--9) and large (10--19), and three distances, 3 or 4, 2 and 1, resulting in six levels (small-distance 3 or 4, small-distance 2, small-distance 1, large-distance 3 or 4, large-distance 2, large-distance 1). Each triplet was presented six times (twice in each order: Large-Medium-Small (LMS), Small-Large-Medium (SLM) and Medium-Small-Large (MSL)).

The non-symbolic version of the game was also divided into six levels, depending on the ratio (level 1 = 0.5--0.6; level 2 = 0.62--0.71; level 3 = 0.71--0.77; level 4 = 0.77--0.81; level 5 = 0.82--0.87; level 6 = 0.86--0.89). To prevent children from relying on non-numerical variables in the non-symbolic version, the external perimeter, the size of the dots and the total surface occupied by the dots were manipulated with Matlab. Items are congruent/incongruent according to (1) the external perimeter when the larger numerosity has a 2/3-larger/smaller perimeter and (2) the surface occupied by dots when the larger collection in number has a 2/3-larger/smaller occupied surface. Two types of each pair composing the triplets were therefore created: (1) one pair was congruent concerning the external perimeter and incongruent concerning the occupied surface and (2) one pair was incongruent concerning the external perimeter and congruent concerning the occupied area. Each triplet was presented in two conditions: (a) the smallest pair in congruency 1 and the largest pair in congruency 2 and (b) the smallest pair in congruency 2 and the largest in congruency 1. Each triplet was presented in the three orders. As items varied along three orders and two conditions, each triplet was presented six times (3 orders x 2 conditions (according to congruency): LMS condition A, SLM condition A, MSL condition A, LMS condition B, SLM condition B and MSL condition B).

Inside each level, six blocks were constituted, each containing one presentation of all triplets so that each block was constituted of one third of each order (and a half of each condition in the non- symbolic training). Triplets were displayed for a maximum of 12000ms. To prevent children from counting in the non-symbolic version, a mask appeared, for a duration of 500ms, every 2000ms (i.e. the stimulus was fully observable during 2000ms then partly hidden for 500ms, then fully visible for 2000ms and then partly covered for 500ms and so on). However, the participant could give his/her answer whenever he wanted within this 12000ms period and once he had done so, the stimulus disappeared. The same procedure was used in the symbolic version to make the two programs more comparable.

In the number-line game, participants were asked to position an Arabic digit (symbolic version) or a dot collection (non-symbolic version) on a number line. The game consisted of helping Mickey Mouse to find Minnie in the first level and a prince to free his princess in the second level by making them move with a given number of steps (indicated in Arabic numbers/dots above the line). At the start of each trial, a cursor was positioned at the left-end of the line, marked with the Arabic digit 1 or with one dot, and children had to slide the cursor with their finger on the screen from that initial position until the target position was reached ([Fig 4](#pone.0166685.g004){ref-type="fig"}). While sliding the cursor towards the right side, the line progressively turned blue. In the first level, they had to position an Arabic digit/dot collection between 2 and 9 on a non-graduated number line marked with 1 and 10 on the left and right extremities, respectively (either in Arabic digits for the symbolic version or dot collections for the non-symbolic version). In the second level, they had to place Arabic numbers or dot sets between 2 and 19 on a number line marked 1 (dot) and 20 (dots) on each extremity. Each level was divided into two sub-levels. In the first sub-level, a margin of error of 20% was accepted whereas in the second sub-level the accepted margin of error was reduced to 10%.

![Number line game.\
Illustration of the non-symbolic (a and c) and symbolic (b and d) versions. In the first level, children were asked to position a numerosity on a number line from 1 to 10 (a) and, in the second level, on a number line from 1 to 20 (b). Feedback was given after each trial; a mouse looking at the left (c) / an elephant looking at the right indicated whether their estimate was too big/small.](pone.0166685.g004){#pone.0166685.g004}

To prevent children from relying on non-numerical variables in the non-symbolic version, perceptual variables were controlled. The perimeter and size of the dots were manipulated to create two conditions: (a) the external perimeter of the collection-to-position was congruent with numerosity and the surface occupied by dots was incongruent compared to the right-end collection; (b) the perimeter of the collection-to-position was incongruent with numerosity and the occupied surface was congruent compared to the right-end collection. Children were instructed not to count the dots and they were frequently reminded of this instruction.

If the child underestimated the position of the number of steps on the line, a feedback of a big elephant looking at the right appeared to indicate that the correct answer was located further on the right and he/she was allowed to try again until he/she succeeded. Similarly, if his/her response was an overestimation of the number of steps, a small mouse looking at the left appeared to indicate that he had to go less far on the line.

Both programs were adaptive; if the child had 85% correct answers on the last two thirds of the items of the current level, he/she moved up to the next level; otherwise he/she started the last two thirds of the trials again. In each session, the child played each game for 15 minutes.

After opening the laptop and settling each child with the game, the experimenter did not interact with him/her, except to encourage him/her to continue the game, as all instructions were given verbally and individually into headphones. Children did not interact with each other either.

**2. Control training:** Children in the control group were stimulated for the same amount of time by the experimenter with activities which did not involve any numerical aspect. In groups of five, they were told a story from a picture book and then asked questions about the story.

Results {#sec007}
=======

Training Check {#sec008}
--------------

All training conditions (non-symbolic, symbolic and control) were successful in maintaining children's motivation over the whole study period (see [Table 1](#pone.0166685.t001){ref-type="table"} for achieved levels details).

10.1371/journal.pone.0166685.t001

###### Game level at the end of training for each training game in each group.

![](pone.0166685.t001){#pone.0166685.t001g}

                        Non-symbolic group   Symbolic group   
  --------------------- -------------------- ---------------- ---
  Number line game      Level 1              5                0
  Level 2               9                    1                
  Level 3               5                    13               
  Level 4               0                    4                
  All levels achieved   0                    1                
  Comparison game       Level 1              0                0
  Level 2               0                    0                
  Level 3               0                    3                
  Level 4               2                    3                
  Level 5               9                    1                
  Level 6               7                    5                
  All levels achieved   1                    7                

Analyses {#sec009}
--------

In the first section, we presented some preliminary analyses: comparison of the three groups in terms of age and pre-test performance and analysis of the reliability of the tasks. Then, to assess the effect of training, we conducted repeated-measures ANOVAs with Time (T1: pre-test and T2: post-test) as within-subjects factor and Group (non-symbolic, symbolic and control) as between-subjects factor on each of the testing tasks scores. When the interaction between the time and the group was significant, we computed contrasts with Bonferroni correction, to compare T1 and T2 performance for each group and calculated the partial Eta square as a measure of effect size. We also tested the validity of each task by adding difficulty level (ratio and condition (congruent and incongruent) for non-symbolic comparison, size for number lines and symbolic comparison, distance for symbolic comparison) as within-subjects factor. To keep the analysis section clear, these effects were reported only when they interacted with time and group, i.e., in the collection comparison and the non-symbolic number line tasks (see [S1 Appendix](#pone.0166685.s001){ref-type="supplementary-material"} for detailed analyses of the other tasks).

Given the fact that there is so much variability in performance with young children (due to fatigue, lack of attention, loss of motivation, etc.), for each task analysis, participants who obtained a score below 2 standard deviations compared to the mean of their group at T1 or T2 were excluded. This resulted in three outliers for the collection comparison task (1 in the non-symbolic and 2 in the symbolic group, performance range from 25% to 44%), four for the non-symbolic number line (2 in the symbolic and 2 in the control group, performance range: 31%-49%), three for the Arabic number comparison task (2 in the symbolic and 1 in the control group, 40%-69%), two for the verbal number comparison task (1 in the non-symbolic and 1 in the symbolic group, 48%-52%), five for the symbolic number line (2 in the non-symbolic, 1 in the symbolic and 2 in the control group, 25%-44%) and one for the addition task (symbolic group, 42%).

Preliminary analyses {#sec010}
--------------------

A one-way ANOVA indicated that the groups were statistically equivalent in age (non-symbolic group: 5.8 years old ± 4 months; symbolic group: 5.7 years old ± 4 months; control group: 5.10 years old ± 4 months) as well as in their performance (see [Table 2](#pone.0166685.t002){ref-type="table"}) in all the testing tasks at T1 (collection comparison: *F*(2,52) = 1.81; *p* = .174; non-symbolic number line: *F*(2,51) \< 1;Arabic number comparison: *F*(2,52) = 1.23; *p* = .302; verbal number comparison: *F*(2,53) \< 1; symbolic number line: *F*(2,50) \< 1; exact additions: *F*(2,53) = 1.4; *p* = .256).

10.1371/journal.pone.0166685.t002

###### Groups' mean and standard deviations for each variable at T1 and at T2 (%).

![](pone.0166685.t002){#pone.0166685.t002g}

  Variable                         Non-symbolic group   Symbolic group   Control group                                        
  -------------------------------- -------------------- ---------------- --------------- ------- ------- ---- ------- ------- ----
  Collection comparison            49±23                72±8             18              60±18   68±10   17   57±15   61±18   18
  Non-symbolic number line (PAE)   20±7                 15±3             19              22±9    17±5    17   23±8    20±9    16
  Arabic number comparison         79±15                85±13            19              85±12   90±8    17   85±11   88±9    17
  Verbal number comparison         73±10                74±11            18              69±12   76±10   18   68±10   69±13   18
  Symbolic number line (PAE)       16±6                 14±4             17              18±5    13±3    18   17±7    17±6    16
  Addition                         54±15                61±17            18              62±16   76±14   18   65±19   65±21   18

Cronbach's alphas were calculated to examine the reliability of our tasks (see [Table 3](#pone.0166685.t003){ref-type="table"}).

10.1371/journal.pone.0166685.t003

###### Cronbach's alpha for each of the testing measures at T1 and T2.
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  Task                       Cronbach's alpha   
  -------------------------- ------------------ -----
  Collection comparison      .82                .68
  Non-symbolic number line   .77                .75
  Arabic number comparison   .85                .81
  Verbal number comparison   .69                .75
  Symbolic number line       .72                .66
  Exact additions            .41                .55

Collection comparison {#sec011}
---------------------

In addition to the factors time and group, we introduced ratio (1/2--2/3--3/4--4/5) as within-subjects factor.

The main effects of time, *F*(1,50) = 15.36; p = .002, η^2^ = 0.235, and ratio, *F*(3,150) = 7.85; *p* \<.001, η^2^ = 0.136, were significant; performance increased from T1 (55±19%) to T2 (67±13%) and decreased with increasing ratio (means of 67±20% for 1:2; 62±15% for 2:3; 58±13% for 3:4; 57±12% for 4:5). There was no effect of group, *F*(1,50) = 0.80, *p* = 454, η^2^ = 0.031. More importantly, we found a significant interaction between time and group, *F*(2,50) = 4.09; *p* = .023, η^2^ = 0.140, ratio and time, *F*(3,150) = 8.68; *p* \<.001, η^2^ = 0.148, and ratio, time and group, *F*(6,150) = 2.91, *p* = .016, η^2^ = 0.104; see [Fig 5](#pone.0166685.g005){ref-type="fig"}. The ratio x time interaction was significant in the two experimental groups (non-symbolic group: *F*(3,51) = 6.08; *p* = .001, η^2^ = 0.263, and symbolic group: *F*(3,48) = 6.25; *p* = .005, η^2^ = 0.281) but not in the control group, *F*(3,51) = 1.17, *p* = .331, η^2^ = 0.064. Corrected contrasts comparing performance at T1 and T2 for each ratio and each group showed that (1) in the non-symbolic group, performance increased from T1 to T2 for ratios 1:2, *t*(50) = 4.94; *p* \<.001, η^2^ = 0.328 (means of 48±35% and 87±11%), 2:3, *t*(50) = 4; *p* \<.001, η^2^ = 0.243 (means of 49±22% and 74±16%) and 3:4, *t*(50) = 2.90; *p* = .048, η^2^ = 0.144 (48±22% and 65±15%); (2) in the symbolic group, performance increased from T1 to T2 for the 1:2 ratio only, *t*(50) = 2.91; *p* = .040, η^2^ = 0.145 (60±31% and 83±21%).

![Performance in the collection comparison task.\
Illustration of the interaction between ratio and time in the non-symbolic, the symbolic and the control groups. Error bars represent standard errors.](pone.0166685.g005){#pone.0166685.g005}

To sum up, the non-symbolic group improved its performance for ratios 1:2, 2:3 and 3:4 and the symbolic group showed improvement for ratio 1:2, while there was no change of performance in the control group.

Non-symbolic number line {#sec012}
------------------------

The analysis was computed with time, size (small (2--9) and large (10--19) items) and group as factors. The main effects of time, *F*(1,49) = 18.57; *p* \<.001, η^2^ = 0.275, and of size, *F*(1,49) = 28.16, *p* \<.001, η^2^ = 0.365, were significant; the PAE significantly decreased from T1 to T2 (22±8% and 17±6%) and small numbers (15±6%) were better positioned than large ones (23±9%). The effect of group, *F*(1,49) = 1.57, *p* = .219, η^2^ = 0.060 and the interaction effects between time and group, *F*(2,49) = 0.85, *p* = .433; η^2^ = 0.034, between size and group, *F*(2,49) = 1.87, *p* = .165, η^2^ = 0.071, and between time and size, *F*(1.49) = 0.09, *p* = .761, η^2^ = 0.002, were non-significant. In contrast, the effect of interaction between time, size and group was significant, *F*(2,49) = 3.25, *p* = .047, η^2^ = 117, indicating a significant decrease of PAE for large numerosities in the non-symbolic group, *t*(49) 3.91, *p* \<.001, η^2^ = 0.238 ([Fig 6](#pone.0166685.g006){ref-type="fig"}), and for small numerosities in the symbolic group ([Fig 6](#pone.0166685.g006){ref-type="fig"}), *t*(49) = 3.22, *p* = .012, η^2^ = 0.174 ([Table 4](#pone.0166685.t004){ref-type="table"}).

10.1371/journal.pone.0166685.t004

###### Means ± standard deviations in the non-symbolic number line task.
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  Group          Small numbers   Large numbers            
  -------------- --------------- --------------- -------- --------
  Non-symbolic   16±10%          13±5%           24±9%    16±5%
  Symbolic       20±11%          12±4%           24±10%   24±9%
  Control        17±9%           13±6%           27±13%   26±13%

![Performance in non-symbolic number line.\
Illustration of the decrease of PAE from T1 to T2 in each group for small and large numerosities. Error bars depict standard errors.](pone.0166685.g006){#pone.0166685.g006}

Thus, the non-symbolic group improved on large numerosities and the symbolic group on small numerosities.

Arabic number comparison task {#sec013}
-----------------------------

The effect of time was significant, *F*(1,50) = 11.44; *p* = .001, η^2^ = 0.186, performance increased from T1 to T2 (83±13% and 88±12%, respectively) and the effect of group was non-significant, *F*(1,50) = 1.29, *p* = .286, η^2^ = 0.049. There was no effect of training, *F*(2,50) = 0.54, *p* = .585; η^2^ = 0.021 ([Fig 7](#pone.0166685.g007){ref-type="fig"}).

![Performance in Arabic number and verbal number comparison tasks.\
Error bars represent standard errors.](pone.0166685.g007){#pone.0166685.g007}

Verbal number comparison task {#sec014}
-----------------------------

The main effect of time was significant, *F*(1,51) = 5.49; *p* = .023, η^2^ = 0.097; performance increased from T1 (70±11%) to T2 (73±12%). The effect of group was non-significant, *F*(1,51) = 1.22, *p* = .305, η^2^ = 0.046. These effects marginally interacted with each other, *F*(2,51) = 2.94; *p* = .062, η^2^ = 0.103 ([Fig 7](#pone.0166685.g007){ref-type="fig"}). Considering the size of the sample, despite the marginality of this interaction, we decided to go further into the analyses and contrasts testing the difference in performance between T1 and T2 were computed for each group. They indicated a highly significant enhancement of performance for the symbolic group, *t*(51) = 3.33; *p* = .006, η^2^ = 0.178, but not for the non-symbolic, *t*(51) = 0.45; ns, η^2^ = 0.005, or control, *t*(51) = 0.23; ns, η^2^ = 0.001, groups.

Thus, the symbolic condition only led to significant improvement.

Symbolic number line {#sec015}
--------------------

The main effect of time was significant, *F*(1,48) = 6.19; *p* = .016, η^2^ = 0.114; imprecision decreased from T1 to T2 (17±6% to 15±5%) and there was no effect of group, *F*(1,48) = 0.42, *p* = .662, η^2^ = 0.017. More importantly, the interaction effect between time and group was significant, *F*(2,48) = 3.31, *p* = .045, η^2^ = 0.121 and corrected contrasts revealed a significant decrease of imprecision in the symbolic group, *t*(48) = 3.45; *p* = .003, η^2^ = 0.198, only (*t*(48) = 1.23; *p* = .672, for the non-symbolic group, η^2^ = 0.031, and *t*(48) = 0.08, ns, η^2^ = 0 for the control group, see [Fig 8](#pone.0166685.g008){ref-type="fig"}).

![Performance in non-symbolic and symbolic number line.\
Error bars depict standard errors.](pone.0166685.g008){#pone.0166685.g008}

The symbolic group showed a significant improvement, while the non-symbolic and the control groups did not.

Exact arithmetic {#sec016}
----------------

There was a significant effect of time, *F*(1,52) = 12.62, *p* = .001, η^2^ = 0.195; performance increased from T1 to T2 (6±17% and 67±18%) and the effect of group was non-significant, *F*(1,52) = 2.67, *p* = .079, η^2^ = 0.093. More importantly, the interaction between time and group was significant, *F*(2,52) = 4.38; *p* = .017, η^2^ = 0.144 ([Fig 9](#pone.0166685.g009){ref-type="fig"}). Improvement in performance over time was significant in the symbolic group only, *t*(52) = 4.18; p \< .001, η^2^ = 0.265 (*t*(52) = 1.97, p = .166, η^2^ = 0.069 for the non-symbolic group, and *t*(52) = 0, ns, η^2^ = 0 for the control group).

![Performance in exact addition.\
Interaction between time and group. Error bars represent standard errors.](pone.0166685.g009){#pone.0166685.g009}

A significant improvement was observed in the symbolic group only.

Finally Pearson's correlation coefficients *r* were calculated as a measure of effect size, lying between 0 (no effect) and 1 (perfect effect) and calculated as follow: $\sqrt{\frac{F}{F + DF~error}}$ \[[@pone.0166685.ref070]\]. The training effect sizes we have observed are important and comparable to or higher than the effects found in other studies ([Table 5](#pone.0166685.t005){ref-type="table"}).

10.1371/journal.pone.0166685.t005

###### Training effect sizes (r) in different training studies, including the present study.

![](pone.0166685.t005){#pone.0166685.t005g}

  Study                                                                                       Collection comparison   Non-symbolic number line   Arabic number comparison   Verbal number comparison   Symbolic number line   Additions             
  ------------------------------------------------------------------------------------------- ----------------------- -------------------------- -------------------------- -------------------------- ---------------------- ----------- --------- ---------
  Kucian et al. (2011) \[[@pone.0166685.ref063]\]                                                                                                                                                      .66                    .54                   
  Link et al. (2013)'s embodied number line \[[@pone.0166685.ref064]\]                                                                           .22                                                   .55                    .55                   
  Link et al. (2013)'s non embodied group \[[@pone.0166685.ref064]\]                                                                             .27                                                                                                
  Maertens et al. (2016)'s comparison group \[[@pone.0166685.ref062]\]                                                                                                                                                                              
  Maertens et al. (2016)'s number line group \[[@pone.0166685.ref062]\]                                               .73                                                                              .74                                          
  Obersteiner et al. (2012)'s approximate group \[[@pone.0166685.ref057]\]                    .30                                                .18                                                                                                
  Sella et al. (2016) \[[@pone.0166685.ref059]\]                                              .31                     .41                                                                              .71                                          
  Siegler and Ramani (2009)                                                                                                                      .58                                                   .67                    .48                   
  Vilette et al. (2013) \[[@pone.0166685.ref066]\]                                                                                                                                                                            .85                   
  Wilson, Revkin et al. (2006) \[[@pone.0166685.ref061]\]                                     .74                                                .84                                                                                                
  Wilson et al. (2009)'s first group (Number Race then control) \[[@pone.0166685.ref060]\]                                                       .57                        .57                                                                     
  Wilson et al. (2009)'s second group (control then Number Race) \[[@pone.0166685.ref060]\]                                                      .32                        .40                                                                     
  **Present study---non-symbolic group**                                                      **.74**                 **All items**              **Large items**            **.52**                                                                 
  **.41**                                                                                     **.70**                                                                                                                                               
  **Present study---symbolic group**                                                          **All ratios**          **Ratio 1/2**              **All items**              **small items**                                   **.64**     **.64**   **.72**
  **.33**                                                                                     **.38**                 **.40**                    **.63)**                                                                                           

Discussion {#sec017}
==========

The present study aimed to compare the differential effects of non-symbolic and symbolic training on numerical development and on arithmetic, and therefore to compare two existing views of numerical development. The unique representation view suggests that numerical and arithmetical competences rely on the ability to approximately represent the number magnitude of both symbolic and non-symbolic numerosities, through the ANS. In contrast, the dual-representation view considers that two distinct number magnitude representations underlie the processing of symbolic and non-symbolic numbers, one exact and one approximate. According to this view, the exact system is considered the basis of mathematical learning.

Our training programs differed in terms of format used. In the non-symbolic version of training, participants were presented with collections of dots; in the symbolic version, Arabic numbers were used. Except for the material used, the two versions of training were identical, enabling us to make comparisons. They were both composed of one comparison and one number line game. Although, the two training games rely on different mechanisms and are often used separately in the literature, they also share common underlying processes, as both of them are assumed to tap magnitude representation and have been shown to impact arithmetic performance \[[@pone.0166685.ref062]\]. In this study, they were used together to maximize the chance of improving number magnitude skills and minimize the possibility of boredom as young children need change to stay interested and motivated.

To take spontaneous development into account, we compared the performance of these two groups to a third control group, which received a story understanding stimulation.

First, the trained process was enhanced. Indeed, gains were observed after non-symbolic training in collection comparison and in the positioning of large non-symbolic numerosities on the number line and after symbolic training in the positioning of Arabic numbers on a number line. The absence of effect on Arabic number comparison could be due to the small size of our sample leading to low power of the analyses, which might explain why the increase of performance observed in the symbolic group was not significant. However, Maertens, De Smedt, Sasanguie, Elen, and Reynvoet \[[@pone.0166685.ref062]\] also failed to observe improvement in comparison tasks after magnitude comparison training and they suggest that this is due to a reduced malleability of comparison skills.

Second, a generalization to the auditory modality was observed in the symbolic group for the number words magnitude comparison task. This indicates that the training sessions helped children access the magnitude representation corresponding to symbolic numbers in general and not solely to the symbolic numbers presented in the Arabic format. We could thus hypothesize that training symbolic magnitude processing did in fact lead to the development of an exact representation of number magnitude.

Moreover, training symbolic number magnitude led to some improvement in non-symbolic magnitude processing: the comparison of collections (on 1/2 ratios) and the positioning of small collections of dots on a number line. The first result is in line with the finding that the learning of symbolic representations enhances the precision of the ANS \[[@pone.0166685.ref001], [@pone.0166685.ref054], [@pone.0166685.ref071]\]. Our results are also in line with Kolkman et al.'s study \[[@pone.0166685.ref030]\], which found that 5-year-old children's non-symbolic skills were predicted by their symbolic skills at the age of 4, but not the reverse (i.e. 4-year-old non-symbolic skills did not predict symbolic skills at 5 years of age). The authors suggest that symbolic skills regulate the non-symbolic system by providing a meaning to non-symbolic magnitude and by improving mapping skills between the symbolic and non-symbolic quantities. The effect observed on the non-symbolic number line might result from a transfer of the symbolic-number-line enhancement. As all numerosities between 1 and 20 were to be positioned, the smallest ones fall in the subitizing range. Hence, participants might have subitized these small numerosities and used their improved ability to process symbolic numbers to position them.

Finally and more importantly, significant gains were observed in exact arithmetic after symbolic training only. Thus, training preschoolers in magnitude comparison and number line positioning with symbolic numbers, compared to non-symbolic numerosities, leads to greater improvement in calculation. This observation is important as, for the first time, it shows that specifically working on number magnitude has an impact on numerical development and arithmetic. Indeed, the few studies which showed improvement in mathematics not only trained basic number skills but also arithmetic as calculation problems were included in the training program \[[@pone.0166685.ref057], [@pone.0166685.ref058], [@pone.0166685.ref061], [@pone.0166685.ref063], [@pone.0166685.ref065], [@pone.0166685.ref066]\]. It could be argued that both training programs might not have been equally efficient. Nevertheless, although one limit of the present research is the impossibility of assessing the equivalence of the programs in terms of efficiency, the results indicated that they both led to improvement in the trained skills, which suggest that they did train what they were supposed to train. However, only symbolic training yielded improvement in the addition task. It could also be argued that mapping skills would come into play when performing this specific calculation task. However, it is a mapping between symbolic and non-symbolic numbers, which is very different from what has been trained, i.e. mapping from a number (Arabic number or a dot collection) onto space in the number line task.

Another limit of this study lies in the construction of the Arabic number comparison task, which seemed too easy. Indeed, 13 out of 56 participants performed higher than 95% at pre-test. As the number range was the same in the training and testing tasks, those high-achievers probably did not learn during training and this might have prevented sufficient variability in terms of gains. Increasing the difficulty of the training and testing Arabic number comparison tasks should thus be considered in future research.

Future research might also consider investigating the specific role of each training game, i.e. magnitude comparison and number line positioning, on numerical and arithmetical development, by contrasting their isolated training effect. In this line, Maertens et al. \[[@pone.0166685.ref062]\] have recently studied the differential impact of these two tasks used as training tools, using a mix of symbolic and non-symbolic numbers. They showed that both training tasks had a positive effect on arithmetic but they did not find any transfer from one task to another, suggesting that number comparison and number line estimation rely on different mechanisms.

Thus, taken altogether, our results are in line with the dual-representation view, according to which symbolic and non-symbolic processing rely on two distinct number magnitude representations; symbolic numbers activating an exact number representation and non-symbolic numerosities the ANS \[[@pone.0166685.ref022]\]. Indeed, the unique representation view anticipated a similar increase of performance in symbolic and non-symbolic magnitude processing after both symbolic and non-symbolic conditions, which is not what we observed. Training non-symbolic skills led to improvement in non-symbolic processing only whereas the symbolic condition yielded increase of performance in number magnitude processing not only with symbolic numbers but also, to a lesser extent, with non-symbolic numerosities. An improvement in calculation was observed in the symbolic group only, meaning that it is the ability to process symbolic numbers which provides access to arithmetic. Thus, in line with several earlier research studies \[[@pone.0166685.ref001], [@pone.0166685.ref030], [@pone.0166685.ref049], [@pone.0166685.ref072], [@pone.0166685.ref073]\], our results underline the key-role played by the understanding of symbolic numbers in numerical development, prior to formal education.

Most of the effects we observed are important and are either comparable or higher than the effects found in other studies. In addition, while the two experimental groups showed improvement in some of the testing tasks, no performance increase was observed in the control group, demonstrating the efficiency of our training program compared to spontaneous development. Finally, as the same percentage of children in each training condition came from each school, the differential progressions between the groups cannot be explained by any possible variation in the impact of school activities.

Our results contribute to the literature not only by disentangling the existing debate regarding the influence of symbolic and non-symbolic understanding on mathematical learning, but also by supporting a theoretical view of numerical cognition.
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